Abstract HIV causes neural dysfunction in infected individuals. This dysfunction often manifests as cognitive symptoms and can be detected using neuroimaging. Highly active antiretroviral therapy (HAART), in addition to providing virologic control, has reduced the number of profoundly impaired individuals but more mild forms of neurocognitive disorders remains prevalent. A potential confound in previous studies of HIV-associated cognitive dysfunction is that HAART may be neurotoxic. Thus, observed effects, attributed to HIV, may be in part due to HAART. It is unclear whether and to what extent current medications contribute to observed brain dysfunction. We studied changes in functional connectivity and cerebral blood flow in HIV uninfected (HIV-) individuals before and after being given two common antiretroviral medications: efavirenz and ritonavir. Neither drug was associated with significant changes in functional connectivity or cerebral blood flow. Our results suggests that previous changes in functional connectivity and cerebral blood flow in HIV infected individuals receiving HAART may largely due to the virus and remaining reservoirs and less due to toxic action of these antiretroviral medications.
Introduction
HIV crosses into the brain soon after infection (Kaul et al. 2001) . Although the virus does not directly infect neurons, rather it infects the microglia, HIV causes neural dysfunction often resulting in cognitive symptoms (Gonzalez-Scarano and Martin-Garcia 2005) . The introduction of highly active antiretroviral therapy (HAART) allows for virologic control and has reduced the incidence of more severe forms of HIVassociated neurological disorders (HAND), but milder forms remain common (Antinori et al. 2007 ). Recent observations also suggest that HAART could be neurotoxic (Robertson et al. 2012 ) raising the question whether some of the observed HIV-associated dysfunction may be caused by medications.
Changes in brain structure and function due to HIV can be observed using non-invasive imaging (Masters and Ances 2014) . Reports using volumetric, diffusion, perfusion, and functional MRI have revealed the detrimental effects of HIV on the brain (Holt et al. 2012) . In particular, brain organization can be measured using resting-state functional connectivity MRI (rs-fcMRI) (Biswal et al. 1995) . Functional connectivity refers to the correlation in spontaneous brain activity across distant but functionally related brain regions. Sets of functionally connected regions form resting-state networks (RSNs) (Fox et al. 2005) . We have previously demonstrated that HIV infection disrupts several RSNs (Thomas et al. 2015; Thomas et al. 2013) . Similarly, brain perfusion can be studied using arterial spin labeling (ASL) (Alsop et al. 2014) . Cortical and subcortical reductions in CBF are observed soon after infection and persist chronically (Ances et al. 2009 ). However, most studies were performed in HIV infected (HIV+) subjects on HAART which confounds the effects of HIV and HAART on brain function. Further, the HAART status of an individual is not a random variable, rather, it depends on several factors (e.g., duration of infection, severity of infection, etc.) and is thus difficult to study alone in an HIV+ population.
In this study we investigate the effects of HAART in a seronegative population using rs-fcMRI and pulsed ASL (PASL). HIV uninfected (HIV-) participants were sequentially (counterbalanced across subjects) given two HAART medications, efavirenz and ritonavir, and underwent three imaging sessions (baseline, post-efavirenz, post-ritonavir) . A large effect of one or both of these medications would suggest that HAART potentially exerts a disruptive effect on functional brain organization or CBF. However, a small or absent effect would suggest that most of the observed previous effects are due to the virus and not medications.
Methods
A total of 11 subjects were recruited for participation in this study. Inclusion criteria included healthy male or female HIVindividual (ages 18-40 years old), good general health with no known major medical conditions, and body mass index <33. Exclusion criteria included a known history of liver or kidney disease, history of major medical conditions, HIV seropositive, fasting blood glucose >110 mg/dL, family history of type 2 diabetes, use of prescription or non-prescription medications, herbals or foods known to be metabolized by or altering p-glycoprotein or CYP3A (hormonal birth control medications were acceptable if alternative means of contraception were used), females who are pregnant or nursing, and contraindications to MRI. From this cohort, 11 completed control and ritonavir scans, and 8 also completed the efavirenz scans (3 subjects dropped out or were not available for the last scan). The average age of participants within this cohort was 31.5 years of age.
Subjects were first scanned at baseline prior to administration of either drug. Two drug conditions then followed; between the two drugs sufficient time was given for the previous drug to be washed out. The subjects were given ritonavir (200 mg orally three times per day for 1 day, 300 mg orally twice a day for one day, and then 400 mg orally on the morning of the third day), followed by a 2-3 week washout, then efavirenz (600 mg orally every night for 14 days). Subjects were scanned before, and on the last day of each drug administration. Drug doses and durations were based on prior drug interaction studies (Kharasch et al. 2008; Kharasch et al. 2012) . The order of drug administration was counterbalanced across subjects. Thus, each data set is composed of a control scan, a scan while on efavirenz, and a scan while on ritonavir.
Image acquisition was performed using a 3T Siemens Trio scanner (Erlangen, Germany) equipped with a standard 12-channel head coil. A high-resolution structural scan was acquired using a 3-dimensional sagittal T1-weighted magnetization-prepared rapid gradient echo (MPRAGE). This scan was used for atlas registration. High-resolution 2-D multi-slice oblique axial spin density/T2-weighted fast spin echo (FSE) structural images were also acquired. These T2-weighted FSE data were used for rs-fcMRI atlas registration. rs-fcMRI scans were collected using a gradient spin-echo sequence sensitive to blood oxygen level dependent (BOLD) contrast (Ogawa et al. 1993) . Two six minute rs-fcMRI runs (164 volumes per run) were acquired during which participants were asked to fixate on a visual cross-hair and not fall asleep. PASL was acquired using a common Siemens sequence with PICORE Q2T. Two PASL runs each containing 63 volumes (duration of 2.7 min) were acquired.
Initial preprocessing of rs-fMRI data followed conventional methods as previously described Brier et al. 2014) . Volumes strongly contaminated by head movement (Power et al. 2012) were removed. Frame censoring was computed using the DVARS measure (Smyser et al. 2010 ). Signals of non-interest were extracted from white matter, ventricles, and the global signal averaged over the whole brain (Fox et al. 2009 ). BOLD time-series were extracted from 36 previously defined regions of interest (ROI), a subset of which is sensitive to the effects of HIV (Brier et al. 2012; Thomas et al. 2013 ). Functional connectivity is defined as the correlation between BOLD time-series extracted from two ROIs. We have previously defined composite scores as measures of RSN integrity based on correlations averaged over ROI pairs within and between networks (Brier et al. 2012 ). These measures are calculated by evaluating z(r) between a priori defined region pairs and averaging these quantities over all ROI pairs within a given RSN. In the present analyses, composite scores were obtained for five RSNs. PASL images underwent rigid registration to correct for head motion and a transformation to an atlas space. CBF was computed using a single blood-compartment model (Chen et al. 2011) :
Where λ represents proton density 0.9 g/mL (Herscovitch and Raichle 1985) ; TI 1, bolus duration, 0.7 s; TI inversion time a measure of time between tagging the blood to slice acquisition which starts at 1.8 s for the first axial slice and increases 0.0467 s for the next axial slice and so on; T 1b , T1 decay of labeled protons, 1.65 s (Lu et al. 2004 ); M 0 , equilibrium image, the first frame of each run is used; α, labeling efficiency, 0.85 (Dai et al. 2008) ; C p and T p , control and tagged from for a PASL pair. A weighted average scheme was used to mitigate motion contamination by using temporal derivative of the frame-to-frame variance (DVARS) as a metric for motion contamination (Tanenbaum et al. 2015) . Similar to the functional connectivity composite scores, CBF composite scores for each network were calculated as the mean CBF in the same ROIs belonging to a given RSN.
The data from both the BOLD and PASL experiments are summarized into RSN composite scores. For each RSN, or RSN-pair in the case of BOLD, each subject contributes three measurements: control, post-ritonavir, and post-efavirenz. Given this repeated measures design, statistical significance was assessed using repeated measures ANOVA with drug status as factor and subjects as the repeated factor.
Results
We began by examining the effect of efavirenz and ritonavir on functional connectivity composite scores. We subjected the RSN composite scores (Fig. 1a) for each RSN separately to a repeated-measures ANOVA with drug condition as factor. We found no significant differences in any RSN as a function of drug condition. Further, between RSN composite scores, a measure of inter-network interaction, were also unaffected by drug condition (data not shown).
Finally, we investigated changes in CBF due to drug condition. We subjected CBF composite scores (Fig. 1b) to repeated measures ANOVA with drug condition as factor. We found no significant difference in CBF in any network as a function of drug condition.
Discussion
In this study we investigated the effects of two HAART medications on functional connectivity and CBF in HIV-subjects. We found that short exposure to efavirenz and ritonavir was not associated with detectable changes in functional connectivity or CBF. This would suggest that previously observed disruptions in brain physiology in medicated HIV+ subjects are predominantly due to the effects of the virus, not HAART.
HAART may be neurotoxic (Schweinsburg et al. 2005) in particular systemic and peripheral nervous system effects have been well documented (Wright 2009). However, these medications may also affect the brain. Discontinuation of HAART in previously medicated HIV + subjects improved cognition with changes not attributable to practice effects. Additionally, subjects who re-initiated HAART after discontinuation did not experience cognitive improvement (Robertson et al. 2010) . HAART neurotoxicity could be responsible for these unexpected results in HIV+ subjects. Subsequently, a large retrospective study (~20,000 patients) observed worse neuropsychological performance scores in HIV+ patients taking HAART (Committee et al. 2011) . Neurotoxicity due to HAART has been demonstrated in animal models. Rat cortical neurons exposed to antiretrovirals had significant increase in synaptodendritic beading and pruning (Robertson et al. 2012 ). The median toxic dose for most of the antiretrovirals was well within the therapeutic concentration range in plasma of HIV+ subjects. However, the effects of HAART on brain function have not been assessed in the absence of confounding effects of HIV-associated dysfunction.
The interpretation of our negative results occurs in the context of two limitations. First, the sample size in this study is relatively small. However, if HAART accounted for a sizable fraction of the extant HIV effect it should be detected. As with any null finding, it is not possible to state that there is no effect of HAART on brain organization. Second, HIV-subjects in this study were only given medications for a relatively short period of time. This limitation is primarily practical in nature but limits generalizability of these results to a population that takes multiple anti-retrovirals in clinical practice for their entire life. A potential interaction between HIV and HAART can also not be ruled out. In summary, we present data demonstrating that HAART is not associated with dramatic changes in brain organization as measured with functional connectivity or CBF. This would suggest that most of the extant HIV effect in the literature is due to the virus and not HAART. These results suggest early initiation of HAART soon after seroconversion and suggest that these medications are not acutely neurotoxic.
